Glypican-3 (GPC3) has emerged as a candidate therapeutic target in hepatocellular carcinoma (HCC), but the oncogenic role of GPC3 in HCC is poorly understood. Here, we report a human heavy-chain variable domain antibody, HN3, with high affinity (K d = 0.6 nM) for cell-surface-associated GPC3 molecules. The human antibody recognized a conformational epitope that requires both the amino and carboxy terminal domains of GPC3. HN3 inhibited proliferation of GPC3-positive cells and exhibited significant inhibition of HCC xenograft tumor growth in nude mice. The underlying mechanism of HN3 action may involve cell-cycle arrest at G1 phase through Yes-associated protein signaling. This study suggests a previously unrecognized mechanism for GPC3-targeted cancer therapy.
Glypican-3 (GPC3) has emerged as a candidate therapeutic target in hepatocellular carcinoma (HCC), but the oncogenic role of GPC3 in HCC is poorly understood. Here, we report a human heavy-chain variable domain antibody, HN3, with high affinity (K d = 0.6 nM) for cell-surface-associated GPC3 molecules. The human antibody recognized a conformational epitope that requires both the amino and carboxy terminal domains of GPC3. HN3 inhibited proliferation of GPC3-positive cells and exhibited significant inhibition of HCC xenograft tumor growth in nude mice. The underlying mechanism of HN3 action may involve cell-cycle arrest at G1 phase through Yes-associated protein signaling. This study suggests a previously unrecognized mechanism for GPC3-targeted cancer therapy.
heparan sulfate proteoglycans | liver cancer | monoclonal antibodies | phage display | cell growth L iver cancer is the fifth most prevalent neoplasm worldwide and is the third most common cause of cancer-related mortality (1, 2) . Both the incidence and mortality of liver cancer are rising. More than 80% of liver cancer cases are attributed to hepatocellular carcinoma (HCC), which does not respond to most chemotherapy drugs (3) . Currently, surgery is the standard treatment for liver cancer diagnosed at an early stage, which constitutes only 37% of cases. The overall 5-y relative survival rate for patients with liver cancer is only 14% in the United States (www.cancer. org). The development of new drugs targeting different mechanisms of action is an important challenge, one that antibody therapy may address.
Glypican-3 (GPC3, also called "DGSX," "GTR2-2," "MXR7," "OCI-5," "SDYS," "SGB," "SGBS," and "SGBS1") is a member of the glypican family of heparan sulfate (HS) proteoglycans that are attached to the cell surface by a glycosylphosphatidylinositol (GPI) anchor (4) . The GPC3 gene encodes a 70-kDa core protein, which can be cleaved by furin to produce the N-terminal 40-kDa fragment and the C-terminal 30-kDa fragment (5) . Recently reported crystal structures of Drosophila glypican Dallylike (Dlp, a homolog to human GPC1) and human GPC1 show that the N-and C-terminal parts of GPC1 are linked by disulfide bonds (6, 7) . Because all the glypicans (including GPC1 and GPC3) have 14 highly conserved cysteine residues, their 3D structures may be similar. It is likely that the N-and C-terminal parts of GPC3 also are linked by disulfide bonds. Two HS chains are attached to the C-terminal portion of GPC3.
A host of studies confirmed that GPC3 is an attractive liver cancer-specific target, because it is highly expressed in HCC but not in normal tissue (8) (9) (10) . However, the precise biological functions of GPC3 and its role in tumorigenesis still remain elusive. Loss-of-function mutations of GPC3 cause SimpsonGolabi-Behmel syndrome (SGBS), a rare X-linked overgrowth disease (11) . GPC3-deficient mice display developmental overgrowth and some of the abnormalities typical of SGBS (12) . In transgenic mice, overexpression of GPC3 suppresses hepatocyte proliferation and liver regeneration (13) . HCC cells infected with lentivirus expressing soluble GPC3 (sGPC3, a secreted form that lacks the GPI anchoring domain) have a lower cell-proliferation rate (14) . This finding suggests that the sGPC3 protein secreted by infected cells may inhibit cell proliferation in an autocrine manner. We produced a recombinant sGPC3 (GPC3ΔGPI, amino acid residues Q25-H559) and found that sGPC3 protein, functioning as a dominant-negative form, can inhibit the growth of HCC in vitro (15) . GPC3 knockdown also can inhibit cell proliferation in the HCC cell lines Huh-7 and HepG2 (16) .
Recent advances in understanding the signaling pathways that lead to HCC indicate that the Hippo-Yes-associated protein (yap) pathway protects the liver from overgrowth and HCC development. Deregulation of the Hippo pathway is seen frequently in HCC. The oncogene yap, which is the down-stream effector of the Hippo pathway, can be inactivated by phosphorylation; elevated yap protein levels are strongly associated with HCC (17) (18) (19) . We speculate that yap may be a downstream oncogenic gene involved in GPC3-mediated liver carcinogenesis, but studies showing the possible connection between GPC3 and yap have yet to be reported.
To date, several mouse mAbs against GPC3 have been produced (20) (21) (22) (23) (24) (25) (26) (27) , and almost all of them target a peptide derived from GPC3. However, none of these antibodies has shown the ability to inhibit cell proliferation or induce apoptosis, possibly because of the difficulty of having a conventional antibody targeting the potentially cryptic functional epitope of GPC3. Because of their small size, domain antibodies are able to target cryptic epitopes on antigens (e.g., in the clefts of enzymes and receptors) (28) (29) (30) .
In the present study, we were interested in identifying anti-GPC3 mAbs that are able to inhibit cancer cell proliferation and/ or survival directly by blocking important and undetermined signaling pathways. We identified a human heavy chain variable (VH) domain antibody (HN3) targeting GPC3 using phage display technology and found that HN3 binds a unique conformational epitope in the core protein of GPC3 with high affinity. Interestingly, the HN3 binding requires both the N and C termini of GPC3. Furthermore, we discovered that HN3 inhibits HCC cell growth in several HCC cell models and that HN3 significantly inhibits the growth of HCC xenograft tumors in nude mice. Our findings show that it is possible to inhibit HCC cell proliferation with an antibody that neutralizes the proliferative function of GPC3.
Results
Knockdown of GPC3 Inhibits HCC Cell Proliferation. GPC3 is highly and specifically expressed in HCC. In assessing whether HCC cell proliferation could be inhibited by silencing GPC3, a previous study showed that RNAi suppression of GPC3 in HCC led to inhibitory effects on cell growth and cell-cycle progression (16) . In this study, we constructed three different shRNAs designated "sh1," "sh2," and "sh3." We found that RNAs sh1 and sh2 reduced GPC3 protein expression by more than 90% in the HCC cell lines Hep3B (Fig. 1A) and Huh-7 (Fig. 1B) , inhibiting ∼70% of cell proliferation compared with the scrambled (scr) control. The other shRNA, sh3, reduced GPC3 expression by only 20% in HCC cells and inhibited only 20-30% of cell proliferation. The inhibition of cell proliferation correlated with the efficiency of GPC3 knockdown in both HCC cell models, showing that silencing the GPC3 gene inhibits cell proliferation in liver cancer.
Isolation of Anti-GPC3 Human VH Domain Antibody HN3. Based on GPC3-knockdown results, we speculated that an antibody targeting a functional domain of GPC3 may be able to inhibit cell proliferation by neutralizing the GPC3 proliferative function.
We hypothesized that the previously developed antibodies did not demonstrate this function because they did not target the cryptic GPC3 functional epitope. Therefore, we explored the potential of a human single-domain antibody by screening a previously developed phage-display VH domain antibody library (31) .
To screen and identify antibodies specific for the core protein or the HS chain of GPC3, we first produced recombinant GPC3-hFc and GPC3ΔHS-hFc proteins in human HEK-293F cells ( Fig.  2A) . We replaced two serine residues with alanine (S495A and S509A, respectively) to abolish the formation of HS chains at the posttranslational glycosylation step. The molecular mass and purity of the proteins were validated by SDS/PAGE separation followed by Coomassie blue staining (Fig. 2B) , sugar chain staining (Fig. 2C) , and Western blot using a commercial GPC3 antibody that detects a core protein epitope at the C terminus (Fig. 2D) . cell-proliferation assay after GPC3 knockdown. sh1, sh2, and sh3 are three different GPC3-knockdown shRNAs. scr is the scrambled control shRNA. Cell proliferation was measured by the WST method and was normalized with unengineered Hep3B cells. GPC3-knockdown efficiency was validated by Western blot and correlated with cell proliferation. Cell proliferation in the three sh groups was significantly lower than in scr control. (B) Huh-7 cellproliferation assay after GPC3 knockdown. The experimental settings were those used in A. Values represent mean ± SD. *P < 0.001 in A and B. We then screened the phage-display antibody domain library by four rounds of panning on a 96-well ELISA plate coated with recombinant GPC3-hFc protein. GPC3-specific binders were enriched gradually as determined by polyclonal phage ELISA (Fig. 2E) . At the end of the fourth round of panning, 96 clones were selected randomly, and 88 of these clones were confirmed to be GPC3 binders by phage ELISA. We selected positive phage clones with GPC3-hFc OD values at least threefold higher than that of IAB-hFc, a control Fc fusion protein specific for MUC16. Subsequent sequencing analysis revealed four representative binders (A3, A9, G12, and HN3). Using the same number of phage, the HN3 clone was determined by both monoclonal phage ELISA (Fig. 2F) and FACS ( Fig. 2G ) to be the strongest GPC3 binder. Because cell binding is one of the most important criteria for therapeutic antibodies targeting cell-surface proteins, we decided to develop and analyze HN3 further in this study. We successfully identified a human VH domain that binds cellsurface-associated GPC3 molecules.
Binding Properties of HN3 Domain Antibody. To construct an HN3 domain antibody, the VH coding sequence was recovered from the phage and cloned into an expression vector as a VH-hFc molecule (i.e., VH fused with human IgG1 Fc; Fig. 3A ), a widely used therapeutic format. For large-scale production of HN3 protein, a CHO-S stable cell line was generated with around 110 mg/L productivity in volumetric titer. SDS/PAGE analysis showed that the purified HN3 formed a dimer with a molecular mass of ∼100 kDa (Fig. 3A) , slightly larger than expected (theoretical size, 82 kDa). The difference in size likely results from the glycosylation of the hFc part (32) . Under reducing conditions, the molecular mass was ∼40 kDa.
We then tested the binding of HN3 antibody to five native HCC cell lines (Hep3B, HepG2, Huh-7, Huh-4, and Huh-1), two GPC3-negative cell lines (A431 and SK-Hep1), and an A431-derived cell line (G1) developed in our laboratory. The G1 cell line stably and highly expresses GPC3 on the cell surface. HN3 showed specific binding to HCC and G1 cells but no binding to GPC3-negative A431 and SK-Hep1 cells (Fig. 3B) . We measured the binding affinities of HN3 to GPC3 protein and GPC3-positive cells by ELISA and flow cytometry. The calculated K d values were 0.27 nM for GPC3 protein (Fig. 3C ) and 0.67 nM for GPC3-positive cells (Fig. 3D) .
To analyze the binding site recognized by HN3, we made the N-terminal (residues 25-358) and C-terminal (residues 359-550) fragments of GPC3 fused with hFc. Epitope mapping ELISA results showed that HN3 bound to wild type GPC3 comparably as it did to mutant GPC3ΔHS and that HN3 did not bind to either the N-terminal or C-terminal fragment of GPC3 alone (Fig. 3E) , indicating that the HN3 epitope is formed by regions from both N-and C-terminal domains of GPC3. Interestingly, HN3 also binds the coexpressed N-and C-terminal fragments but not to mixtures of N-and C-terminal fragments made by simply mixing the fragments together. The coexpression was performed by cotransfecting two separate plasmids encoding N-or C-terminal fragments in human HEK-293 cells. In addition to ELISA, we performed immunoprecipitation experiments. We found HN3 could immunoprecipitate the complex consisting of both N-and C-terminal fragments from the culture supernatant, but it could not immunoprecipitate either the N-or C-terminal fragment alone (Fig.  3F ). This result indicates that HN3 may recognize the heterodimers consisting of both N-and C-terminal domains of GPC3 instead of the N-or C-terminal domain homodimers.
We also evaluated the binding of HN3 to native GPC3 proteins of HCC cells. HN3 did not recognize denatured GPC3 on Western blot, but native GPC3 proteins could be immunoprecipitated by incubating the cell lysates of five native HCC cell lines with HN3 (Fig. 3G) . Immunohistochemistry showed that HN3 specifically stained tissue from HCC patients but did not stain healthy tissue (Fig. 3H) . Taken together, these results show that HN3 is a high-affinity domain antibody specific for cell-surface GPC3 and recognizes a conformational epitope in the GPC3 core protein that requires both N-and C-terminal domains.
HN3 Inhibited HCC Cell Proliferation. To determine whether HN3 could inhibit HCC growth directly, we performed cell growthinhibition assays on four GPC3-positive HCC cell lines and the GPC3-negative cell line A431. We found that HN3 potently inhibited the growth of Hep3B, HepG2, and Huh-7 cells and partially inhibited the growth of Huh-4 cells (Fig. 4A) . The maximal inhibition was about 70% of untreated cells in the Hep3B, HepG2, and Huh-7 cell lines. HN3 did not affect the growth of the GPC3-knockdown Hep3B and Huh-7 cells (Fig. 4B) or of the GPC3-negative A431 cell line (Fig. 4C) . A representative time course of Hep3B cell proliferation is shown in Fig. 4D . In comparison with HN3, YP7, another high-affinity GPC3 antibody specific for the C terminus of GPC3 developed in our laboratory (24) , did not inhibit cell proliferation (Fig. 4A) , indicating that the ability of a GPC3 antibody to inhibit cell growth is strictly epitope dependent.
HN3 Induced Cell-Cycle Arrest. To understand the underlying mechanism of HN3 activity, we investigated cell-cycle progression after HN3 treatment. In the four HCC cell lines tested (Hep3B, HepG2, Huh-7, and Huh-4), HN3 treatment significantly increased the G1 population (Fig. 5A ), indicating that HN3 can induce cell-cycle arrest in the G1 phase. GPC3 knockdown by shRNA in these four cell lines also resulted in G1 arrest (Fig. 5B) .
The Hippo pathway recently was found to be a potent tumorsuppressing pathway in HCC (17) (18) (19) . To analyze the mechanism of HN3 activity at molecular level, we investigated the expression of several major cell proliferation/cell cycle-related markers in the Erk, Akt, and Hippo signaling pathways in HN3-treated HCC cells (Fig. 5C ). We found that phosphorylated Erk (p-Erk) and Akt (p-Akt) were decreased significantly in the four HN3-treated HCC cell lines (Hep3B, HepG2, Huh-7, and Huh-4), whereas phosphorylated yap (p-yap), the inactive form of yap, was increased in treated Hep3B, HepG2, and Huh-7 cells. The total level of yap was decreased in treated Hep3B and Huh-4 cells. Expression of cyclin D1, a target gene of yap, was decreased in the four treated HCC cell lines, as is consistent with G1 phase arrest induced by HN3. Because the Erk/Akt pathways also regulate the Hippo pathway by phosphorylating yap or the upstream components (33) (34) (35) (36) (37) , the molecular changes in Erk, Akt, and yap collectively indicate that yap may play an important role in HN3 function. Similar molecular changes were observed in GPC3-knockdown Hep3B, HepG2, Huh-7, and Huh-4 cells, except that p-Erk and p-Akt levels were decreased only in Hep3B-knockdown cells (Fig. 5C ).
Regulating Yap Bioavailability Affected HN3 Activity Dramatically. To analyze further the role of yap in HN3 activity, we knocked down yap and overexpressed a constitutively active yap mutant, yap-S127A (38) , in Hep3B cells. When yap was knocked down by yap-specific shRNA, cell proliferation was decreased by about 50% compared with scrambled control (Fig. 6A) . Interestingly, HN3 treatment of yap-knockdown cells did not inhibit cell proliferation any further, even at high concentrations (2.5 and 5.0 μM) (Fig. 6B) , indicating that yap stable knockdown may induce acquired resistance to the HN3 treatment. Overexpression of yap-S127A was found to increase cell proliferation by about 50% (Fig. 6C) and completely abolished HN3 antagonist activity (Fig.  6D) , i.e., HN3 did not inhibit the proliferation of cells overexpressing yap-S127A. Western blot analysis showed that yap knockdown decreased the cyclin D1 level (Fig. 6E) , whereas yap overexpression increased cyclin D1 levels. Taken together, these results indicate that yap is involved in the proliferative effect of GPC3; therefore, yap is a downstream target of the HN3 domain antibody.
HN3 Inhibited Tumor Growth in Vivo. The ability of HN3 to reduce HCC proliferation in vitro prompted us to investigate its in vivo efficacy. We measured the half-life of HN3 antibody by ELISA using mouse sera. After a single i.v. injection of 3 mg/kg HN3, HN3 reached its peak concentration (28.70 ± 2.2 μg/mL) 30 min after antibody injection and then gradually decreased to a steady level (4.68 ± 1.27 μg/mL) at 48 h (Fig. 7A) . The terminal half-life was 92.08 ± 23.77 h, and the clearance rate was 0.043 ± 0.005 mL·h We then inoculated nude mice s.c. with HepG2 and Huh-7 cells. After the tumor size reached about 100 mm 3 , the mice were treated twice weekly by i.v. injection of 60 mg/kg HN3 antibody. The tumor size was measured and compared with the control group. HN3 treatment significantly inhibited the tumor growth in mice injected with both HepG2 (Fig. 7B) and Huh-7 cells (Fig. 7C) . At the end of the study, the average tumor size was 400-500 mm 3 in the treated group and 1,500-1,700 mm 3 in the control group. (Photographs of a representative group of mice treated with HN3 antibody are shown in Fig. 7D ). Molecular changes in HN3-treated tumors also were observed (Fig. 7E) . Although total yap expression did not change, p-yap levels were increased in treated tumors. We also found the decreases in p-Erk and cyclin D1 expression. The in vivo tumor data support our in vitro mechanistic results.
In our animal testing, we did not observe antibody-related toxicity or behavioral abnormalities in the treated mice. Treated mice consumed food and socialized similarly as control group mice. Both body weights and organ weights (heart, liver, kidney, lung, and spleen) were unchanged. Taken together, our animal testing results indicate that the HN3 single-domain antibody is active in vivo and should be evaluated further as a candidate therapeutic for the treatment of liver cancer.
Discussion
Currently, several GPC3 antibodies have been developed. Almost all the existing antibodies were raised against a peptide derived from GPC3, and one such antibody is being evaluated in clinical trials, although none of the GPC3 antibodies have demonstrated direct inhibition of HCC cell proliferation. We have isolated HN3, a VH single-domain antibody targeting a conformation epitope in GPC3, by phage display. HN3 binds cell-surfaceassociated GPC3 molecules with subnanomolar affinity but does not bind denatured full-length GPC3. Interestingly, the binding of HN3 requires both the N-and C-terminal domains of GPC3, although this binding is independent of the HS chains on GPC3. Our results strongly suggest that HN3 recognizes a unique conformational structure present in the native form of GPC3 core protein on cancer cells. The present study shows that antibodies targeting GPC3 can inhibit cell proliferation.
Antibody-based therapy targeting GPC3 has been explored recently. The mouse mAb GC33, which recognizes a C-terminal peptide, has been produced, and humanized GC33 is being evaluated currently in clinical trials for liver cancer therapy (http:// clinicaltrials.gov/ct2/show/NCT00746317). HN3 has three unique properties that GC33 lacks: it can inhibit HCC cell proliferation directly; it is a single-domain antibody; and it is a fully human protein. Although Fvs from murine sources can be used to make chimeric or humanized mAbs for clinical trials, the problems of humans developing anti-murine antibodies and other side effects must be resolved. Immunotherapy for GPC3-expressing cancers cannot be exploited fully until a human antibody with high affinity against GPC3-expressing cancer cells, such as the one described here, is developed. Because of these characteristics and its unique mechanism, HN3 is an attractive addition to the existing GPC3-targeted liver cancer therapies. Further studies comparing the efficacy of HN3 with that of GC33 in both preclinical and clinical settings are needed.
The HN3 domain antibody binds a conformation epitope that requires both the N-and C-terminal domains of the GPC3 core protein. This feature distinguishes HN3 from all the known mAbs that recognize either the N or C terminus of GPC3. The conformation of the HN3-binding site may affect a newly discovered GPC3 function, because HN3 shows direct inhibition of cell proliferation. Future GPC3 structural studies will be needed to reveal the precise structure that HN3 recognizes. In addition to GPC3-targeted immunotherapy, EGF receptor (EGFR)-targeted antibody therapy by the FDA-approved agent cetuximab is being evaluated in clinical trials for liver cancer (ClinicalTrials.gov identifier NCT00980239). Cetuximab inhibits HCC cell proliferation in HepG2 and Huh-7 cells at doses of 10-1,000 μg/mL (39, 40) . The maximal inhibition was 57% in HepG2 cells and 20% in Huh-7 cells at doses of 1,000 μg/mL (40) . Results in HepG2 and Huh-7 cells are believed to be particularly indicative of clinical HCC activity because they have preserved differentiated liver characteristics, as evidenced by the production of many human plasma proteins (41, 42) . HepG2 is a well-differentiated wild-type p53 HCC cell line (41) , and Huh-7 is a highly differentiated human HCC cell line with mutated p53 (42) . Cetuximab was much less potent in p53-mutated Huh-7 cells (39, 40) . Unlike cetuximab, HN3 inhibits both HepG2 and Huh-7 cell proliferation, indicating that HN3 function is independent of p53. The maximal inhibition by HN3 is about 70% in Hep3B, HepG2, and Huh-7 cells, and the corresponding concentration for maximal inhibition is in the range of 0.5-2.5 μM (50-250 μg/mL). Taken together, these results indicate that HN3 may be more potent than cetuximab in HCC and that the antitumor activity of HN3 is not related to the mutation of p53.
Based on our experimental data, we hypothesize that the molecular mechanism underlying HN3-related inhibition of cell proliferation in HCC involves cell-cycle arrest through inactivating yap. We measured the changes of yap expression after HN3 treatment by Western blot and found that yap was inactivated after HN3 treatment. When yap was knocked down in Hep3B cells, cell proliferation was decreased significantly. Overexpression of yap-S127A promoted cell proliferation and completely abolished HN3 activity.
The present report describes the generation and characterization of a high-affinity single-domain antibody against cell-surfaceassociated GPC3. Because HN3 has a human origin and displays high affinity (K d = 0.67 nM), it is expected to be less immunogenic than murine mAb and to be efficient in targeting GPC3-expressing tumors. Furthermore, HN3 is a unique mAb against GPC3 that shows direct inhibition of HCC growth, and it should be further evaluated as a therapeutic candidate for the treatment of liver cancer.
Materials and Methods
Cell Lines. Five HCC cell lines (Hep3B, HepG2, Huh-7, Huh-4, and Huh-1) and the GPC3-negative cell line SK-Hep1 were maintained as adherent monolayer cultures in DMEM (Invitrogen) supplemented with 10% (vol/vol) FBS (HyClone), 1% L-glutamine, and 1% penicillin-streptomycin (Invitrogen) and were incubated in 5% CO 2 with a balance of air at 37°C. Cells were harvested and the medium was changed twice a week. GPC3-negative A431 cells (human epithelial carcinoma cell line) were engineered to express high levels of GPC3 by transfection with a plasmid encoding GPC3. Both A431 and the stably transfected cells (G1) were maintained in DMEM.
Protein Reagents. YP7, a GPC3 mouse antibody developed in our laboratory, recognizes a C-terminal epitope (amino acids 510-560) (24) . YP7 was used for comparison with HN3 in cell-proliferation assays. IAB-hFc, a 64-aa fragment of mesothelin (amino acids 296-359) fused with human Fc at the C terminus (43), was used as an irrelevant hFc control for GPC3-hFc in HN3 bindingproperty assays. Pooled human IgG (hIgG; Sigma-Aldrich) was used as HN3 control in cell-proliferation assays and in vivo animal studies.
Antibodies and Western Blot. Antibody for GPC3 (1G12; sc-65443) was obtained from Santa Cruz Biotechnology, Inc. Antibodies for detecting Erk1 (1171-1), Erk2 (1586-1), Akt1 (1085-1), and Akt2 (T1933), were obtained from Epitomics. Antibodies for p-Erk1/2 (9101), p-Akt (4060), yap (4912), and p-yap (4911) were obtained from Cell Signaling. Antibody for cyclin D1 was obtained from Invitrogen . Unless specifically stated, cells were cultured in T-25 or T-75 flasks for 5 d at a final confluence of 70% with or without HN3 treatment. Cells were collected and lysed with lysis buffer [50 mM Tris·HCl (pH7.5), 50 mM NaCl, 5 mM EDTA, 1% Triton X-100] mixed with mixture proteinase inhibitors from Roche Applied Science. Protein concentration of the cell lysate was measured by the Coomassie Plus (Bradford) Protein Assay (23236; Thermo Scientific). Thirty micrograms of total protein were run on reducing SDS/PAGE for Western blot analysis.
DNA Oligos and Plasmids. For GPC3 knockdown, three pairs of DNA oligomers were chemically synthesized, in vitro annealed, and subsequently cloned into a knockdown vector pGreenPuro from System Biosciences according to the manufacturer's instructions. The insert DNA sequences coding GPC3 shRNA are indicated below. The GPC3 sequence of the sense strand is underlined, and the complementary sequence is underlined and in boldface.
GPC3sh1: 5′-GATCCGGAGCTCAAGTTCTTAATTATCTTCCTGTCAGAATAAT-TAAGAACTTGAGCTCCTTTTTG-3′ GPC3sh2: 5′GATCCACTGCAAGTCACTAGGATCTTCTTCCTGTCAGAAAGAT-CCTAGTGACTTGCAGTTTTTTG-3′ GPC3sh3: 5′-GATCCATTCTCAACAACGCCAATATACTTCCTGTCAGATATAT-TGGCGTTGTTGAGAATTTTTTG-3′
The universal control for knockdown is a scrambled sequence that does not target any mammalian expressed sequence. Oligo for the sequence of scrambled shRNA is 5′-GATCCGCGTAATAACGATGTCTCTACTTCCTGTCAGATAGAGACATCGT TA-3′ The insert DNA sequence coding yap shRNA is 5′-GATCCGCTCAGCATCTTCGACAGTCTCTTCCTGTCAGAAGACTGTCGAA GATGCTGAGC TTTTTG-3′
Yap Overexpression. A constitutively active yap mutant, yap-S127A (38) , was used to transform Hep3B cells. The yap-S127A coding sequence (GenBank accession number: NM_001130145.2) was cloned into lentiviral vector pLenti6_3_v5 (Invitrogen). The resultant expression vector was packaged into lentivirus that was used to infect Hep3B cells.
Preparation of Recombinant GPC3. The coding sequence for GPC3 is based on GenBank accession number NP_004475.1. To make full-length mature GPC3-hFc, the predicted N-terminal secretion signal and C-terminal GPI attachment peptide were removed, a sequence coding for amino acids 25-550 was fused with hFc (hindge-CH2-CH3) at the C terminus, and an IL-2 secretion signal (amino acids [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] was added at the N terminus. The expression cassette was cloned into expression vector pVRC8400 and then was transfected into 293F cells (Invitrogen). Protein purification was accomplished with a protein A affinity column from GE Healthcare. Different GPC3 mutant or truncation forms were generated: the GPC3ΔHS-hFc (S495A and S509A), GPC3N-hFc (Q25-R358), and GPC3C-hFc (S359-S550).
Phage Display and Panning Method. A combinatorial human VH domain library, with an estimated size of 2.5 × 10 10 , was previously constructed (31). The antigen used for panning the library was full-length GPC3-hFc, which was expressed and purified from 293F suspension cells. Library bacterial stock was inoculated into 2.5 L of 2YT medium containing 2% (wt/vol) glucose and 100 μg/mL ampicillin and was cultured at 37°C with shaking at 250 rpm. When the cells reached midlog phase (OD 600 between 0.4-0.8), superinfection was performed by adding helper phage M13KO7 at 5 × 10 9 pfu/mL After 1 h of continued growth, the cells were resuspended in 2.5 L of 2YT medium containing 100 μg/mL ampicillin and 50 μg/mL kanamycin and were incubated at 25°C overnight. After the cells were centrifuged and filtered with a 0.22-μm membrane, the supernatant was stored at 4°C for panning.
For panning, a 96-well ELISA plate (Maxisorb; Nunc/Thermo Fisher Scientific) was used to capture various amounts of purified GPC3-hFc in PBS buffer at 4°C overnight. After the coating buffer was decanted, the plate was treated with blocking buffer [2% (wt/vol) BSA in PBS] at room temperature for 1 h. Then 30 μL of preblocked phage supernatant (typically containing 10 10 -10 11 pfu) in 30 μL blocking buffer was added per well for 1 h at room temperature to allow binding. After four washes with PBS containing 0.05% Tween-20, bound phages were eluted with 100 mM triethylamine. We used 5 μg immobilized GPC3 for the first round of panning and 0.5 μg for the second, third, and fourth rounds of panning. After four rounds of panning, single colonies were picked and identified as GPC3 binders by phage ELISA and phage FACS.
HN3 Expression and Purification. The coding sequence of HN3 was cloned into the lentiviral expression vector pLenti6_3_v5 (Invitrogen). The resultant vector was packaged into lentivirus that was used to infect CHO-S cells. After antibody productivity screening of 960 clones by ELISA and subsequent characterization, a stable cell line (9B2) was generated. The volumetric titer of the secreted HN3 in batch culturing was about 110 mg/L. Purification was carried out with a protein A column (GE Healthcare) according to the manufacturer's instructions.
ELISA. Purified GPC3 was used to coat a 96-well plate at 1 μg/mL in PBS buffer, 50 μL per well, at 4°C overnight. After the plate was blocked with 2% BSA in PBS buffer, biotinylated HN3 antibody solution was added, and the plate was incubated at room temperature for 1 h to allow binding to occur. After the plate was washed twice with PBS buffer containing 0.05% Tween 20, the binding was detected by a streptavidin-HRP conjugate (Invitrogen).
To measure the HN3 affinity, various amounts of HN3 were incubated. The A450 values were associated with corresponding HN3 concentration, and the K d value was determined by Prism 5.0 software (GraphPad Software) using the two binding sites (hyperbola) method.
To measure the concentration of mouse serum HN3 antibody, the plate was coated with AffiniPure F(ab′) 2 fragment goat anti-human IgG (Jackson ImmunoResearch Inc.), dilutions of mouse serum were added to the plate, and detection was performed by a secondary goat anti-human antibody conjugated with HRP (Jackson ImmunoResearch Inc.). Both the capturing and detecting antibodies were validated to have no cross-reactivity with mouse serum.
For phage ELISA, a 96-well ELISA plate (Maxisorb; Nunc/Thermo Fisher Scientific) was coated with 50 μL of GPC3-hFc (5 μg/mL) overnight at 4°C. After blocking, 30 μL of preblocked phage supernatant (typically 10 10 -10 11 pfu) was added to the plate. Binding was detected by HRP-conjugated mouse anti-M13 antibody (GE Healthcare).
Flow Cytometry Method. Cells were harvested in cell dissociation solution (Invitrogen), washed, and resuspended in ice-cold PBS containing 5% (wt/vol) BSA. One million cells per milliliter were incubated with 10 μg/mL of HN3 antibody and hIgG isotype control (Sigma-Aldrich). Binding was detected with goat anti-human IgG conjugated with phycoerythrin (Sigma-Aldrich).
The fluorescence associated with the live cells was measured using a FACS Calibur (BD Biosciences).
To measure cellular binding affinity, various amounts of HN3 antibody were incubated with G1 cells. The geometric mean values were associated with the corresponding HN3 concentration, and the K d value was determined using Prism 5.0 software (GraphPad Software) using the two binding sites (hyperbola) method.
For the phage FACS, 30 μL of phage supernatant (∼10 10 phages) was preblocked with FACS buffer (5% BSA in PBS) for 1 h on ice and then was mixed with 10 6 G1 cell suspension and incubated for 1 h on ice. The binding was detected by a mouse anti-M13 primary antibody and phycoerythrinconjugated goat anti-mouse secondary antibody (Sigma-Aldrich).
Cell-Cycle Analysis. Cells were treated with 1 μM HN3 for 5 d and then were collected and fixed with 70% (vol/vol) ethanol overnight. Fixed cells were stained with propidium iodide and analyzed by FACS. The cell-cycle distribution of different phases was analyzed with FlowJo v 9.0 (Tree Star, Inc.).
Cell-Proliferation Assay. Cell growth was assessed by WST assay using the Cell Counting Kit-8 (Dojindo). Five hundred microliters of cells were seeded on a 24-well plate (1 × 10 4 cells per well), and HN3, YP7, or hIgG was added at the indicated concentrations. The cells were incubated at 37°C for 5 d; then the cell-viability assay was performed according to the manufacturer's instructions.
HN3 Pharmacokinetics in Mice. Twelve mice were assigned to three groups with four mice in each group. Each animal received a single i.v. dose of 3 mg/ kg of HN3 antibody via the tail vein. Blood samples were collected from four mice at 10 min, 30 min, 6 h, and at 1, 2, 3, 4, 5, 6, 7, 8 d after dose. Serum antibody concentrations were detected using ELISA. Group mean serum antibody concentration-time profiles were used to estimate pharmacokinetic parameters using Phoenix WinNonlin software (version 5.2.1; Pharsight Corp.). A two-compartment elimination model with i.v. bolus input and firstorder elimination, and with microconstants, was used to describe the observed data. Concentrations were weighted using iterative reweighting (1/y) and the Gauss-Newton (Levenberg and Hartley) algorithm. All procedures used in mouse pharmacokinetic and drug-efficacy studies followed the protocol (LMB-059) approved by the Institutional Animal Care and Use Committee at the National Institutes of Health.
In Vivo Efficacy Study. Ten million Huh-7 and HepG2 cells were injected s.c. into nude mice. After a tumor formed and reached a size of 100 mm 3 , the treatment was started by i.v. delivery of HN3 antibody, twice a week, 60 mg/kg body weight. Tumor dimensions were determined twice a week with a caliper. Tumor volume in cubic millimeters was calculated by the formula: (a) × (b 2 ) × 0.5, where a is tumor length and b is tumor width in millimeters.
Statistical Analysis. All statistical analyses were conducted using GraphPad Prism5 software (GraphPad Software, Inc). Differences between groups were analyzed using the two-tailed Student t test of means. HN3-binding curves were plotted using nonlinear least square fit. K d values were calculated by using the two binding sites (hyperbola) method.
